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ABSTRACT
Using high-resolution magnetohydrodynamic simulations of idealized, non-cosmological
galaxies, we investigate how cooling, star formation, and stellar feedback affect galactic mag-
netic fields. We find that the amplification histories, saturation values, and morphologies of
the magnetic fields vary considerably depending on the baryonic physics employed, primar-
ily because of differences in the gas density distribution. In particular, adiabatic runs and
runs with a sub-grid (effective equation of state) stellar feedback model yield lower satura-
tion values and morphologies that exhibit greater large-scale order compared with runs that
adopt explicit stellar feedback and runs with cooling and star formation but no feedback. The
discrepancies mostly lie in gas denser than the galactic average, which requires cooling and
explicit fragmentation to capture. Independent of the baryonic physics included, the mag-
netic field strength scales with gas density as B ∝ n2/3, suggesting isotropic flux freezing or
equipartition between the magnetic and gravitational energies during the field amplification.
We conclude that accurate treatments of cooling, star formation, and stellar feedback are cru-
cial for obtaining the correct magnetic field strength and morphology in dense gas, which, in
turn, is essential for properly modeling other physical processes that depend on the magnetic
field, such as cosmic ray feedback.
Key words: methods: numerical — MHD — galaxy: evolution — ISM: structure — ISM:
jets and outflows
1 INTRODUCTION
Magnetic fields may play a role in galaxy evolution because the
magnetic pressure can reach approximate equipartition with the
turbulent or/and thermal pressure (Beck et al. 1996; Beck 2009).
Idealized simulations of isolated galaxies with magnetic fields sug-
gest that magnetic fields can provide extra support in dense clouds
and suppress star formation (Wang & Abel 2009; Beck et al. 2012;
Pakmor & Springel 2013), and magnetic acceleration has been
suggested as a mechanism to drive outflows (Blandford & Payne
1982). Moreover, magnetic fields can also suppress fluid mixing
instabilities, including the Rayleigh-Taylor and Kelvin-Helmholtz
instabilities (Jun et al. 1995), and therefore also largely suppress
the ‘cloud shredding’ process (McCourt et al. 2015).
? E-mail: ksu@caltech.edu
In Su et al. (2016), we performed high-resolution magneto-
hydrodynamic (MHD) simulations incorporating multi-channel ex-
plicit stellar feedback, including both cosmological ‘zooms’ and
idealized isolated galaxies to investigate the effect of magnetic
fields and other ‘microphysics’ on galaxy formation. We found that
the presence of a magnetic field had at most ∼ 10-per cent-level
effects on global galaxy properties such as the star formation his-
tory (SFH) because the turbulence in the simulated galaxies’ ISM
is super-Alfve´nic; thus, the magnetic field is dynamically unimpor-
tant compared with turbulence.
However, our previous results do not necessarily imply that
magnetic fields can be neglected in galaxy formation simulations.
In particular, the simulations presented in Su et al. (2016) did not
include cosmic rays, which may be an important driver of galac-
tic outflows (Uhlig et al. 2012; Hanasz et al. 2013; Booth et al.
2013; Salem & Bryan 2014). Because cosmic rays are coupled to
magnetic fields, to treat cosmic ray transport correctly, one must
© 2017 The Authors
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first accurately determine the magnetic field (e.g. Pakmor et al.
2016), which requires correctly capturing various potentially im-
portant amplification mechanisms, including flux freezing com-
pression and the turbulent and α − Ω dynamos (e.g. Beck et al.
1996). Moreover, accurate models of galactic magnetic fields are
crucial to inform the interpretation of many observables.
In this Letter, we demonstrate that differences in the treat-
ments of cooling, star formation, and stellar feedback can yield
very different magnetic field saturation values and morphologies.
We note that although a detailed analysis of magnetic amplifica-
tion mechanism is beyond the scope of this paper, we do argue that
the magnetic amplification history and saturation values in our sim-
ulations are reasonable. The remainder of this Letter is organized as
follows: in § 2, we describe the initial conditions and investigated
baryonic physics. In § 3, we present the results. We summarize in
§ 4.
2 METHODOLOGY
Our simulations use GIZMO (Hopkins 2015)1, a mesh-free, La-
grangian finite-volume Godunov-type code designed to combine
the advantages of Eulerian and Lagrangian methods, in its ‘mesh-
less finite mass mode’ (MFM). GIZMO is built on the gravity solver
and domain decomposition algorithms of GADGET-3 (Springel
2005). Magnetic fields are treated in the ideal-MHD limit. To elim-
inate spurious numerical divergence errors (i.e. non-zero ∇ · B),
both the Dedner et al. (2002) and Powell et al. (1999) divergence
cleaning methods are applied. The details of the methods and tests
are presented in Hopkins & Raives (2016) and Hopkins (2016).
In this paper, two isolated (non-cosmological) galaxy mod-
els, MW and SMC, that have been used previously in various
other works (Hopkins et al. 2011, 2012; Hayward et al. 2014;
Su et al. 2016) are studied. MW is a Milky Way-like galaxy
with (Mhalo,Mbulge,Mdisc,Mgas) = (210, 2.1, 6.8, 1.3) ×
1010M, whereas SMC is Small Magellanic Cloud-mass dwarf
with (Mhalo,Mbulge,Mdisc,Mgas) = (290, 0.14, 1.9, 11) × 108
M. The gas mass resolution is 3500M for MW and 360M
for SMC, which correspond to adaptive spatial resolutions of ∼
50 (n/cm−3)−1/3 and ∼ 20 (n/cm−3)−1/3 pc for the MW and
SMC models, respectively. At these resolutions, the fastest-growing
mode of amplification via the magnetorotational instability (MRI;
∼ 100 pc) is well resolved once B ∼ µG (it is not well-resolved
initially). Detailed descriptions of the galaxy models can be found
in Su et al. (2016). An initially uniform magnetic field with an am-
plitude of 0.01 µG pointing in the positive-z direction (i.e. perpen-
dicular to the initial disc galaxies) is assumed. We have confirmed
that our results are insensitive to the initial magnetic field ampli-
tude and orientation as long as the amplitude is sufficiently small
that the magnetic pressure is initially dynamically unimportant.
We simulate both galaxy models using the four different bary-
onic physics treatments summarized in Table 1. The adiabatic
runs include gravity and MHD, but radiative heating and cooling,
star formation, and stellar feedback are omitted. The no-feedback
(‘NoFB’) runs include gravity, MHD, radiative heating and cool-
ing, and star formation, but no stellar feedback. The FIRE runs add
in explicit multi-channel stellar feedback (from supernovae, stel-
lar winds, photo-heating, and an approximate treatment of radia-
tion pressure) from the Feedback in Realistic Environments (FIRE)
project (Hopkins et al. 2014, 2017). Specifically, the same version
1 A public version of this code is available at
http://www.tapir.caltech.edu/∼phopkins/Site/GIZMO.html.
Table 1. Physics variations in our simulation suite
Model Star Formation Cooling Feedback
Adiabatic No None None
NoFB Yes 10− 1010 K None
FIRE Yes 10− 1010 K FIRE
S&H Yes 104 − 1010 K Springel & Hernquist
of code as the isolated runs in Su et al. (2016) (FIRE-1 feedback
with MFM hydrodynamics) is used to facilitate comparison. In both
the NoFB and FIRE runs, stars form only from gas that is self-
gravitating at the resolution scale and has a density n > 100 cm−3,
and the instantaneous SFR density is assumed to be the molecular
gas density divided by the local free-fall time (see Hopkins et al.
2014). Except for the differences noted explicitly above, the code
used for the runs is otherwise identical (and the NoFB and MHD
runs specifically employ the exact same code as the correspond-
ing runs in Su et al. 2016). Finally, the ‘S&H’ runs employ the
Springel & Hernquist (2003, hereafter SH03) model, which implic-
itly treats the ISM as gas with two phases (cold clouds & ambient
gas) in pressure equilibrium, but only has one explicit, single-phase
gas with a barytropic equation of state (EOS) in the hydrodynam-
ics. The model includes stochastic star formation via a Kennicutt-
Schmidt-type prescription and implicitly treats the effects of su-
pernova feedback by increasingly overpressurising the gas (rela-
tive to an ideal gas) with increasing density. To explore potential
self-consistent magnetically driven outflows, we do not employ the
SH03 kinematically decoupled wind model. We have run the FIRE
versions of the SMC and MW models at multiple resolutions span-
ning two orders of magnitude in mass resolution and confirmed that
the global properties of the galaxies (e.g. SFHs and magnetic field
strengths) are converged (Su et al. 2016). We have also re-run both
of the FIRE runs starting with an initial seed magnetic field strength
an order of magnitude less (10−3 µG) than our default value. Al-
though the results differed during the initial exponential amplifica-
tion phase, as expected, quantities such as the saturation values of
the magnetic field strength in all and dense gas were similar.
3 RESULTS
3.1 Magnetic field morphologies
Fig. 1 shows edge-on and face-on projected gas density maps of
the MW and SMC simulations. The MW runs are shown after 0.83
Gyr of evolution, whereas the SMC runs have been evolved for 0.69
Gyr. The colour encodes the projected density, as specified by the
colour bars on the right of each row (note that the scales in each
row differ). The arrows in each subplot indicate the directions and
relative magnitudes of the local magnetic field in a central slice with
a thickness of 0.8 kpc for the SMC runs and 1.6 kpc for the MW
runs. Note that the lengths of the arrows are separately rescaled in
each subplot to cover a larger dynamic range. Different columns
correspond to the different sets of included physics.
The gas and magnetic field morphologies of runs with differ-
ent baryonic physics differ significantly. The local strength and or-
deredness of the magnetic field is strongly related to the local den-
sity, with higher gas density corresponding to stronger and more
irregularly distributed local magnetic fields. The NoFB runs frag-
ment most dramatically because there is no stellar feedback to pre-
vent catastrophic fragmentation. As a result, the magnetic fields
are highly concentrated in the clumps and exhibit random direc-
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Figure 1. Edge-on and face-on projections of the gas density of the simulated galaxies (MW, t = 0.83 Gyr: rows 1-2; SMC, t = 0.69 Gyr: rows 3-4).
Arrows indicate the relative magnitudes and directions of the magnetic field. Different columns correspond to different baryonic physics models. In all maps,
the magnetic fields in dense clumps are not only stronger but also more randomly distributed. No-feedback runs fragment most dramatically and therefore
exhibit magnetic fields highly concentrated in dense clumps with random directions. Runs that employ the FIRE explicit stellar feedback model have irregular
magnetic field distributions owing to supernova shocks, turbulence and outflows driven by stellar feedback, in addition to the greater fragmentation present in
these runs compared with the Adiabatic and S&H sub-grid stellar feedback runs. The latter two types of runs generally have smooth, highly ordered gas and
magnetic field morphologies.
tions. The magnetic fields in the FIRE runs are also highly irreg-
ular, not only because of fragmentation but also due to turbulence
and outflows driven by strong stellar feedback (Muratov et al. 2015;
Angle´s-Alca´zar et al. 2016; Hayward & Hopkins 2017). In contrast,
the Adiabatic and S&H runs have very smooth, well-ordered gas
morphologies and magnetic fields.
To quantify the spatial coherence of the magnetic field, we cal-
culate ξ1 ≡ |〈B〉|/Brms and ξ2 ≡ 〈|B|〉/Brms in various regions
of the disc. Low values of ξ1 correspond to randomly directed local
magnetic fields. Lower values of ξ2 indicate broader local magnetic
field strength distributions. In the top row of Fig. 2, we plot ξ1 and
ξ2 for gas at different densities. We first average (volume-weighted)
over the gas particles from snapshots (over the time period 350-850
Myr for MW and 290-700 Myr for SMC) with similar densities
within each 1 kpc cell and then plot the average of all cells in the
disk region (∆z = 1 kpc and 3 < r < 10 kpc).2
We generally find high ξ1 and ξ2 at densities n . 0.1 cm−3,
indicating coherently directed magnetic field lines and narrowly
distributed magnetic field strengths. In denser gas (n & 0.1 cm−3),
fragmentation causes the local magnetic field to be amplified and
become more randomly oriented, which lowers both ξ values in
2 The center is excluded to prevent the average ξ values from being domi-
nated by extreme values.
the cell. The FIRE runs generally have the lowest ξ2 over 0.1 <
n < 100 cm−3. This indicates a broader distribution of mag-
netic field strengths owing to disturbances from feedback. On the
other hand, the S&H and Adiabatic runs have almost no gas with
n > 0.1 cm3, which explains the extremely smooth magnetic field.
At n & 100 cm−3, ξ2 increases again, indicating that the magnetic
field in most gas within this density range has been amplified to a
similar value.
3.2 Galactic magnetic field evolution
Fig. 3 shows the evolution of the rms magnetic field strength of
the gas in the disc (defined as a cylinder of height 2 kpc and ra-
dius 10 kpc). We compare the rms B in all gas and just gas with
n & 1 cm−3. In the MW runs, the magnetic field exponentially
grows from the initial value (10−2 µG throughout the volume) at
the start of simulation. Even in the MW Adiabatic run, the magnetic
is amplified significantly through gravitational compression. In the
SMC runs, on the other hand, the saturation values for all but the
very dense particles are approximately equal to the initial value of
magnetic field (10−2 µG); hence, the amplification is much weaker
for the SMC runs, especially the Adiabatic run. In the FIRE-low
runs, the amplification is more obvious. Regardless of the initial
magnetic field strength, the saturation value for each IC (using the
FIRE baryonic physics model) is robust.
Since the denser gas has much stronger magnetic fields, the
MNRAS 000, 1–6 (2017)
4 Su, Hayward, Hopkins et al.
10−3
10−2
10−1
100
101
102
103
B
rm
s
[µ
G
]m09Z=2-4
SMC
HiZ
MW
10−3 10−1 101 103
Density [n/cm3]
10−2
10−1
100
101
B
rm
s
/A
·n
2/
3
m09Z=2-4
10−3 10−1 101 103
Density [n/cm3]
HiZ
Adiabatic
SH
NoFB
FIRE
Initial Condition
0.0
0.2
0.4
0.6
0.8
1.0
B
av
e
/B
rm
s
m09
Z=2-4
HiZ
ξ1 = |〈B〉|/〈B2〉1/2
ξ2 = 〈|B|〉/〈B2〉1/2
Figure 2. Top: volume-weighted average values of ξ1 ≡ |〈B〉|/Brms and
ξ2 ≡ 〈|B|〉/Brms in 1 kpc cells in the galactic disc. ξ1 and ξ2 are both high
in gas with density < 0.1 cm−3 averaged over 350-850 Myr for MW and
290-700 Myr for SMC. In higher-density, fragmenting gas, the magnetic
field is less spatially coherent, as indicated by the lower values of both ξ1
and ξ2 relative to the less-dense gas. In the density range 0.1− 100 cm−3,
the FIRE runs generally have lower ξ2 values, indicating a broader distri-
bution of local magnetic field strengths. The S&H and Adiabatic runs have
much less gas with density > 0.1 cm−3 than do the FIRE and NoFB runs.
Middle: relationship between the magnetic field strength and gas density of
each resolution element (time-averaged as in the top panel). The gray lines
show a scaling of n2/3 with arbitrary normalization. The shaded regions
denote the 5th–95th percentile range of the magnetic field strength at each
density. Bottom: magnetic field strength divided by the best-fitting relation
of the form A · n2/3 for each run. In most density bins and most runs,
Brms scales as n2/3, indicating isotropic flux freezing or equipartition be-
tween the magnetic and gravitational energies. However, in the Adiabatic
and S&H runs, gas that is initially at ‘high’ density cannot be compressed
significantly owing to the high effective pressure; consequently, the field is
not strongly amplified.
time evolution and saturation value of the field is closely tied to the
amount of fragmentation in each run. The Adiabatic runs gener-
ally fragment the least and therefore have the lowest magnetic field
strength. In the S&H runs, the stiff EOS adopted in the model and
the temperature floor (104 K) prevent gas from being compressed
and fragmenting as much as in the NoFB and FIRE runs. As a re-
sult, the magnetic fields in the S&H runs are also weaker overall.
However, in gas with densities less than or similar to the galactic
average, the S&H model yields quite similar field strengths to the
NoFB or FIRE runs. Due to the absence of feedback, the NoFB
runs fragment most severely, and the densest gas therein has the
highest rms magnetic field strengths.
The magnetic field strength in the gas disc in the MW FIRE
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Figure 3. Top: the rms magnetic field strength of gas in the disc as a function
of time. The different treatments of baryonic physics are indicated by the
line color. Thick lines represent the rms magnetic field strength computed
considering all gas, Ballrms, whereas thin lines indicate the results for gas
with density > 1 cm−3, Bdenserms . Greater gas fragmentation is associated
with a higher magnetic field strength saturation value. The Adiabatic and
S&H runs, which do not fragment as much as the no-feedback and FIRE
runs, exhibit lower saturation values. Bottom: comparison of turbulent and
magnetic energy per unit mass as a function of time. In the FIRE and S&H
runs, the magnetic energy saturates to ∼ 2 − 6% of the turbulent energy,
consistent with the idealized supersonic turbulent dynamo.
run saturates at ∼ 2 µG, and the field strength of “dense” (n >
1 cm−3) gas saturates at ∼ 5 µG. These values are consistent with
observations (Rand & Kulkarni 1989; Beck et al. 1996; Han et al.
2006; Beck 2007; Kulsrud & Zweibel 2008). At higher densities
(n ∼ 100 cm−3), comparable to H I clouds in the cold neutral
medium or molecular clouds, |B| is typically a few 10s of µG,
again similar to observations.
As shown in the second row of Fig. 3, the magnetic energies
in the FIRE and S&H runs saturate to∼ 2−6% of the turbulent en-
ergy 3. This is true regardless of the initial magnetic field strength,
consistent with theoretical predictions (Schober et al. 2015) and
idealized simulations of the supersonic turbulent dynamo (Feder-
rath et al. 2011, 2014; Tricco et al. 2016) and other galaxy simula-
tions with feedback (Kotarba et al. 2010; Dubois & Teyssier 2010;
Su et al. 2016; Rieder & Teyssier 2017). We therefore believe that
our magnetic amplification histories and saturation values are rea-
sonable. In contrast, in the NoFB runs, the magnetic energy reaches
& 30% of the turbulent energy, indicating equipartition between the
turbulent and magnetic energy.
As can be seen from the evolution of the magnetic field
strength and energy, the exponential growth happens during the first
∼ 0.2 − 0.3 Myr, which is shorter than the time scale for ampli-
fication driven by galactic global motion. This indicates that either
local turbulent motion or local gravitational motion dominates the
magnetic amplification during this time. However, separating these
two processes is difficult in galactic simulations, since the local
3 The turbulent energy calculation is performed using the method de-
scribed in Su et al. (2016). This is not applicable for Adiabatic runs, so
these runs are not included here.
MNRAS 000, 1–6 (2017)
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gravitational and turbulent energy can be in equipartition. A de-
tailed study of the dominant amplification mechanism(s) will be
presented in a future work.
3.3 Relationship between magnetic field strength and density
The second row of Fig. 2 shows the relationship between the lo-
cal magnetic field strength and local gas density. Over most of the
density range, Brms ∝ n2/3. In low-density gas, this is a result of
isotropic flux freezing in gas compression dominating the field am-
plification (or in expansion, for the lowest-density gas). In denser
gas, this indicates either isotropic flux freezing or equipartition be-
tween the magnetic and gravitational energies in collapsed struc-
tures with constant mass. The latter holds because
B2
4pi
V ∼ GM
2
r
→B ∝ 1
(rV )1/2
∝ 1
V 2/3
∝ n2/3. (1)
In the MW runs, gas in the initial disc (green line in Fig. 2) has
a magnetic field strength at least 1 order of magnitude less than the
average magnetic field in later snapshots and outside the shaded re-
gion spanned by the gas particles therein. In the SMC runs with
the fiducial seed field strength, on the other hand, the magnetic
field strength is relatively high to begin with, so the initial mag-
netic field strength is marginally within the shaded region, indi-
cating weaker amplification. However, in the ‘FIRE-low’ runs for
both model galaxies, although the initial magnetic field strength
is one order of magnitude lower, the Brms − n curves from the
later snapshots are almost identical to the curves in the default-
seed-value ‘FIRE’ runs. If the same plots are made for individual
time snapshots, Brms ∝ n2/3 holds at all times, albeit with sys-
tematic shifts in the normalisation. Within the first ∼ 0.2 − 0.3
Myr, the lines move toward the upper left and approach the lines
shown in Fig. 2. This indicates that although isotropic flux freezing
or equipartition between the magnetic and gravitational energies
dominates the field amplification as gas undergoes density changes,
other amplification mechanisms (local turbulent or gravitationally
driven amplification) occur in these runs, especially within the ex-
ponential growth phase of the magnetic fields.
Gas at the high-density ends of both the Adiabatic and S&H
runs deviates from the adiabatic curve (i.e. is less amplified than
expected). This is an artifact caused by the fact that gas initially
at ‘high’ density in those runs cannot be significantly compressed
further. For the Adiabatic runs, the reason is that the lack of cooling
results in high pressure in high-density regions. In the S&H run, the
lack of cooling below 104 K and the effective EOS have the same
effect. In particular, owing to the small depth of the potential well of
the SMC model, gas in the Adiabatic and S&H runs is only weakly
compressed; thus, the magnetic field is not significantly amplified.
4 SUMMARY AND DISCUSSION
We have demonstrated that the morphology and saturation value
of galactic magnetic fields strongly depend on baryonic physics,
specifically cooling, star formation and stellar feedback. This is pri-
marily because baryonic physics affect the magnetic field strength
through altering the amount of fragmentation and balance amongst
different ISM phases. Moreover, strong turbulence and outflows
driven by multi-channel stellar feedback (present in our FIRE runs)
can further increase the amount of randomness in the magnetic
field morphology. The Adiabatic (no cooling, no star formation)
and S&H (“effective equation of state”, unresolved ISM) runs have
significantly lower magnetic field saturation values in dense gas
compared with the NoFB (cooling and star formation but no feed-
back) and FIRE (cooling, star formation, and feedback) runs, and
the former tend to have more ordered large-scale magnetic fields.
It appears that the S&H model (which is used by many modern
galaxy formation simulations, either directly or with modifications,
such as IllustrisTNG, Pillepich et al. 2017; EAGLE, Schaye et al.
2015; and MUFASA, Dave´ et al. 2016) works reasonably well for
gas with density lower than or equal to the galactic average but
suppresses gas fragmentation in higher-density gas, thus causing
discrepancies in the magnetic field amplification.
We find that in the simulated galactic discs, the field strength
scales with density as B ∝ n2/3, similar to the results for galactic
cores found by Pakmor et al. (2017). This results from a combi-
nation of isotropic flux freezing in compression/expansion without
a preferred direction and equipartition between the magnetic and
gravitational energies (in dense, self-gravitating gas). We caution
that although the aforementioned processes dominate the field am-
plification as gas undergoes density changes, they are not the only
amplification mechanisms at work.
Note that although Zeeman observations (Crutcher et al. 2010)
suggest B ∝ n0 at low density and B ∝ n2/3 at high density, the
scatter in the data points is quite large. Moreover, the magnetic field
strength inferred is highly correlated with whether the object is an
H I cloud/dark cloud or a molecular cloud, and the scaling between
the magnetic field strength and density is weak within each cate-
gory. Since both of these categories of objects have nearly constant
surface density (Wevers et al. 1986; Cayatte et al. 1994; Wong &
Blitz 2002; Blitz & Rosolowsky 2004), the aforementioned obser-
vations might actually constrain the scaling between magnetic field
strength and surface density (instead of volume density) and are not
necessarily inconsistent with our results.
Rieder & Teyssier (2016, 2017) have also argued that stellar
feedback is crucial for magnetic field amplification; in simulations
of isolated gas cooling haloes, they find that supernova feedback
drives a turbulent dynamo that is the dominant source of magnetic
field amplification. A detailed comparison of our results is beyond
the scope of this work, but it is worth noting that we both agree that
the effects of stellar feedback must be captured accurately in order
to model the amplification of galactic magnetic fields.
Our results also have important implications for incorporating
cosmic rays, which may play an important role in driving galactic
outflows (e.g. Uhlig et al. 2012; Hanasz et al. 2013; Booth et al.
2013; Salem & Bryan 2014), because cosmic rays propagate along
magnetic field lines. We have shown that ‘effective’ treatments of
stellar feedback lead to significantly more ordered magnetic fields
compared with simulations with explicit stellar feedback; it is thus
likely that in the former types of simulations, cosmic rays will prop-
agate over large scales and drive outflows more easily than in sim-
ulations with explicit stellar feedback.
ACKNOWLEDGEMENTS
The Flatiron Institute is supported by the Simons Foundation.
Support for PFH was provided by an Alfred P. Sloan Research
Fellowship, NASA ATP Grant NNX14AH35G, and NSF Collab-
orative Research Grant #1411920 and CAREER grant #1455342.
CAFG was supported by NSF through grants AST-1412836 and
AST-1517491, and by NASA through grant NNX15AB22G. DK
was supported by NSF grant AST-1412153 and a Cottrell Scholar
Award from the Research Corporation for Science Advancement.
Numerical calculations were run on the Caltech compute cluster
“Zwicky” (NSF MRI award #PHY-0960291) and allocation
TG-AST130039 granted by the Extreme Science and Engineering
Discovery Environment (XSEDE) supported by the NSF.
MNRAS 000, 1–6 (2017)
6 Su, Hayward, Hopkins et al.
REFERENCES
Angle´s-Alca´zar D., Faucher-Gigue`re C.-A., Keresˇ D., Hopkins P. F.,
Quataert E., Murray N., 2016, preprint, (arXiv:1610.08523)
Beck R., 2007, in Miville-Descheˆnes M.-A., Boulanger F., eds, EAS
Publications Series Vol. 23, EAS Publications Series. pp 19–36
(arXiv:astro-ph/0603531), doi:10.1051/eas:2007003
Beck R., 2009, Astrophysics and Space Sciences Transactions, 5, 43
Beck R., Brandenburg A., Moss D., Shukurov A., Sokoloff D., 1996,
ARA&A, 34, 155
Beck A. M., Lesch H., Dolag K., Kotarba H., Geng A., Stasyszyn F. A.,
2012, MNRAS, 422, 2152
Blandford R. D., Payne D. G., 1982, MNRAS, 199, 883
Blitz L., Rosolowsky E., 2004, ApJ, 612, L29
Booth C. M., Agertz O., Kravtsov A. V., Gnedin N. Y., 2013, ApJ, 777, L16
Cayatte V., Kotanyi C., Balkowski C., van Gorkom J. H., 1994, AJ, 107,
1003
Crutcher R. M., Wandelt B., Heiles C., Falgarone E., Troland T. H., 2010,
ApJ, 725, 466
Dave´ R., Thompson R., Hopkins P. F., 2016, MNRAS, 462, 3265
Dedner A., Kemm F., Kro¨ner D., Munz C.-D., Schnitzer T., Wesenberg M.,
2002, Journal of Computational Physics, 175, 645
Dubois Y., Teyssier R., 2010, A&A, 523, A72
Federrath C., Chabrier G., Schober J., Banerjee R., Klessen R. S., Schle-
icher D. R. G., 2011, Physical Review Letters, 107, 114504
Federrath C., Schober J., Bovino S., Schleicher D. R. G., 2014, ApJ, 797,
L19
Han J. L., Manchester R. N., Lyne A. G., Qiao G. J., van Straten W., 2006,
ApJ, 642, 868
Hanasz M., Lesch H., Naab T., Gawryszczak A., Kowalik K., Wo´ltan´ski D.,
2013, ApJ, 777, L38
Hayward C. C., Hopkins P. F., 2017, MNRAS, 465, 1682
Hayward C. C., Torrey P., Springel V., Hernquist L., Vogelsberger M., 2014,
MNRAS, 442, 1992
Hopkins P. F., 2015, MNRAS, 450, 53
Hopkins P. F., 2016, MNRAS, 462, 576
Hopkins P. F., Raives M. J., 2016, MNRAS, 455, 51
Hopkins P. F., Quataert E., Murray N., 2011, MNRAS, 417, 950
Hopkins P. F., Quataert E., Murray N., 2012, MNRAS, 421, 3488
Hopkins P. F., Keresˇ D., On˜orbe J., Faucher-Gigue`re C.-A., Quataert E.,
Murray N., Bullock J. S., 2014, MNRAS, 445, 581
Hopkins P. F., et al., 2017, preprint, (arXiv:1702.06148)
Jun B.-I., Norman M. L., Stone J. M., 1995, ApJ, 453, 332
Kotarba H., Karl S. J., Naab T., Johansson P. H., Dolag K., Lesch H., Sta-
syszyn F. A., 2010, ApJ, 716, 1438
Kulsrud R. M., Zweibel E. G., 2008, Reports on Progress in Physics, 71,
046901
McCourt M., O’Leary R. M., Madigan A.-M., Quataert E., 2015, MNRAS,
449, 2
Muratov A. L., Keresˇ D., Faucher-Gigue`re C.-A., Hopkins P. F., Quataert
E., Murray N., 2015, MNRAS, 454, 2691
Pakmor R., Springel V., 2013, MNRAS, 432, 176
Pakmor R., Pfrommer C., Simpson C. M., Kannan R., Springel V., 2016,
MNRAS, 462, 2603
Pakmor R., et al., 2017, preprint, (arXiv:1701.07028)
Pillepich A., et al., 2017, preprint, (arXiv:1703.02970)
Powell K. G., Roe P. L., Linde T. J., Gombosi T. I., De Zeeuw D. L., 1999,
Journal of Computational Physics, 154, 284
Rand R. J., Kulkarni S. R., 1989, ApJ, 343, 760
Rieder M., Teyssier R., 2016, MNRAS, 457, 1722
Rieder M., Teyssier R., 2017, preprint, (arXiv:1704.05845)
Salem M., Bryan G. L., 2014, MNRAS, 437, 3312
Schaye J., et al., 2015, MNRAS, 446, 521
Schober J., Schleicher D. R. G., Federrath C., Bovino S., Klessen R. S.,
2015, Phys. Rev. E, 92, 023010
Springel V., 2005, MNRAS, 364, 1105
Springel V., Hernquist L., 2003, MNRAS, 339, 289
Su K.-Y., Hopkins P. F., Hayward C. C., Faucher-Giguere C.-A., Keres D.,
Ma X., Robles V. H., 2016, preprint, (arXiv:1607.05274)
Tricco T. S., Price D. J., Federrath C., 2016, MNRAS, 461, 1260
Uhlig M., Pfrommer C., Sharma M., Nath B. B., Enßlin T. A., Springel V.,
2012, MNRAS, 423, 2374
Wang P., Abel T., 2009, ApJ, 696, 96
Wevers B. M. H. R., van der Kruit P. C., Allen R. J., 1986, A&AS, 66, 505
Wong T., Blitz L., 2002, ApJ, 569, 157
MNRAS 000, 1–6 (2017)
